ABSTRACT. The aim of the present study was to isolate and characterize novel nitrate reductase (NR)-deficient mutants, which may be useful for the transgenic manipulation of Dunaliella salina. Three NR-deficient mutants of D. salina, J-1, J-2, and J-3, were successfully isolated by screening for chlorate resistance after chemical mutagenesis with ethylnitrosourea. NR activity was not detected in the mutants and the expression of NR mRNA was significantly decreased. Growth analysis of D. salina strains grown in media containing different nitrogen sources revealed that these mutants were capable of utilizing nitrite and urea, but not nitrate as a nitrogen source, indicating that these mutants are indeed NR-deficient. Mutation analysis of NR cDNA sequences revealed that there were 11 point mutations shared by the J-1, J-2, and J-3 mutants. Furthermore, the results of the functional complementation experiment showed that NR activity of transformant T-1 derived from J-1 was recovered to 48.1 % of that of the wild-type D. salina. The findings of the present study indicate that nitrate may be used as a selective agent rather than antibiotics or herbicides for the isolated NRdeficient mutants in future transgenic D. salina systems.
INTRODUCTION
Dunaliella salina (D. salina) may be a more economical and safer heterologous expression system than traditional bacterial, animal, or plant bioreactor protein expression systems (Chai et al., 2004) . For the generation of transgenic D. salina, it is critical to construct a specific transgene selection system for determining whether the target gene has been stably integrated into the genome. Certain antibiotics and herbicides have previously been used as selective agents for D. salina transformed cells (Geng et al., 2003; Lu et al., 2004a Lu et al., , 2004b Jiang et al., 2005; Sun et al., 2005; Walker et al., 2005a) , and a bialaphos resistance (bar) gene has previously been used as a selectable marker for a D. salina transformation system (Lu et al., 2004b ). However, biosafety concerns limit the application of these selective agents, and moreover, prior studies from our laboratory and others have shown low transformation efficiency of D. salina. Therefore, the development of new efficient selection systems for producing transgenic D. salina is a top priority.
Nitrate reductase (NR) is considered a key enzyme in the rate-limiting step of nitrogen metabolism in higher plants, fungi, and green algae (Campbell 2001) . Nuclear transformation systems have been developed by introducing the NR gene (NIA1) as a selectable marker into NR-deficient mutants in Chlamydomonas (Kindle et al., 1989) , Volvox (Schiedlmeier et al., 1994) , and Chlorella (Dawson et al., 1997; Wang et al., 2005; Zhang et al., 2005) . However, whether this selection system can be used for transgenic D. salina has yet to be determined.
The toxic effects of relatively innocuous chlorate are increased when it is reduced to more poisonous chlorite (and/or its decomposition products), which can be catalyzed by NR (Solomonson and Vennesland 1972; van Wijk et al., 1998) . Because NR mutants with defects in the nitrogen assimilation pathway display chlorate resistance, screening for chlorate sensitivity has been successfully used for isolating mutants from several kinds of algae, such as Chlorella ellipsoidea (Wang et al., 2005) and Dunaliella viridis (Sun et al., 2006) . We have previously demonstrated that wild-type D. salina can not grow in liquid media containing 200 mM chlorate or on culture plates containing 100 mM chlorate (Lu et al., 2011) . Therefore, it may be possible to isolate D. salina mutants with defects in nitrate assimilation, which may further allow for the use of nitrate as a desirable selective agent.
Our previous work has shown that a full-length cDNA (3694 bp) of NR from D. salina can be heterologously expressed in E. coli as a fusion protein (Xie et al., 2007) , that NR transcripts are induced by nitrate but repressed by ammonium, and that NIA1 has a strong inducible promoter that can be used to control heterologous gene expression in transgenic D. salina . While the isolation and characterization of NR-deficient mutants is important in the development of a novel D. salina transformation system using NIA1 as a selectable marker, the isolation of D. salina mutants with nitrate assimilation defects has not yet been explored. The purpose of the current study was to isolate and characterize NRdeficient D. salina mutants by screening for chlorate resistance from a mutant library generated by chemical mutagenesis with ethylnitrosourea (ENU).
MATERIAL AND METHODS

Algal strain and culture
D. salina (UTEX-LB-1644) purchased from the Culture Collection of Algae at the University of Texas were grown in modified medium at 26°C with 12 h light/day under 60 μM photon·m -2 ·s -1 illumination as previously described (Jia et al. 2012) . When nitrite or urea was used as the sole nitrogen source, KNO 3 in the medium was replaced by 5 mM NaNO 2 or 2.5 mM urea.
Mutagenesis and screening for chlorate-resistant mutants
Wild-type D. salina cells were collected at mid-exponential phase, thoroughly washed twice with nitrogen-free medium, and resuspended at approximately 2-3 x 10 6 cells/mL in nitratecontaining medium. Mutagenesis was performed by adding 0.25 mM ENU, a chemical mutagen that can induce point mutations throughout the genome. Wild-type D. salina cells without ENU treatment were used as controls. A mutant library was obtained after 10 days of ENU incubation. ENU-mutagenized D. salina cells were then cultured in medium containing 200 mM NaClO 3 for 10 days to screen for chlorate-resistant strains. Subsequently, 1 mL of cells (1 x 10 6 cells/mL) at mid-exponential phase was concentrated to 100 μL and streaked onto plates containing 100 mM NaClO 3 for further screening. Only cells with chlorate resistance were able to survive and grow into colonies. Individual green colonies were selected and transferred to 2 mL nitrite-containing medium, and propagated for 15-20 days. Finally, cells from each colony were centrifuged and streaked onto three different solid plates containing nitrate, nitrite, and urea as nitrogen sources. After incubation for ~ 4 weeks, the green colonies, which appeared on plates containing nitrite or urea but not on plates containing nitrate, were selected and transferred to 2 mL nitrite-containing liquid medium for further propagation. Through another round of screening, colonies that could proliferate and grow normally in medium containing nitrite or urea but not nitrate were singled out as NR-deficient mutant candidates. Putative mutant colonies selected from the above screening plates were recovered in urea-containing medium. Subsequently, the cells were transferred to a 96-well plate to isolate pure mutant clones. Specifically, cells counted and diluted to 8 cells/3 mL were added to the 96-well plate at 300 μL/well. The plate was incubated for ~ 4 weeks until colonies with a greenish color appeared, and those colonies were recovered for further characterization.
Analysis of NR activity
NR-deficient mutants of D. salina were identified by detecting NR activity according to methods described by Xie et al., (2007) . Briefly, mutant cells grown in urea-containing medium and wild-type cells grown in nitrate-containing medium (approximately 1-2 x 10 6 cells/mL) were harvested and washed with nitrogen-free medium twice. The cells were subsequently stored at -20°C for 30 min, and then the frozen cells were rapidly homogenized in a pre-cooled mortar and pestled in 5.0 mL extraction buffer containing 25 mM sodium phosphate buffer, pH 8.7; 10 mM L-cysteine; and 1 mM EDTA. Crude enzyme extracts were centrifuged at 4000 g for 15 min to remove cell debris. The enzymatic reaction was initiated by adding 0.3 mL 2 mg/mL NADH; 0.2 mL 100 mM NaNO 3 ; and 1.8 mL 100 mM sodium phosphate buffer, pH 7.5, to 0.7 mL crude extracts. After incubation at 26°C for 30 min in the dark, the reaction was terminated by adding 0.5 mL 3.0 M HCl containing 2% sulfanilamide (w/v), and 0.5 mL 0.04% N-(1-naphthyl)-ethylenediamine dihydrochloride (w/v). Nitrite levels were was determined from the absorbance measured at 540 nm by spectrophotometry and NR activity in the extracts was expressed as μM NO 2 ·(10 8 cells) -1 ·h -1 .
Characterization of NR mutants
The mutants without NR activity were further characterized by chlorate-resistance growth experiments on media with different nitrogen sources. Chlorophyll content was used as an indicator for growth capacity of the mutant and wild-type cells grown in media with different nitrogen sources as described by Knobloch and Tischner (1989) . Liquid media with increasing concentrations of NaClO 3 (i.e. 200, 300, 400, 800, and 1600 mM) and solid medium containing 200 mM NaClO 3 were used to identify whether the NR-deficient mutants had chlorate resistance.
Analysis of relative gene expression of NR mRNA using qPCR
Approximately 1 x 10 7 wild-type and NR-deficient mutant D. salina cells were collected by centrifugation. Total RNA was isolated using the TRIzol Reagent (Invitrogen, USA) according to manufacturer instructions, and samples were then treated with RNase-free DNase I (TaKaRa, China) to degrade residual DNA. The quality of the RNA was determined spectrophotometrically using a 260/280 nm absorbance ratio. After agarose gel electrophoresis, cDNA was synthesized with the First Strand cDNA Synthesis Kit (Sangon, China) following manufacturer instructions. All cDNA samples were either used immediately or stored at -20°C until analysis. For analyzing mRNA expression of NR using qPCR, the relative abundance β-actin mRNA was determined and used as an internal standard. The primers for NR (NR1) and β-actin were designed according to the GenBank accession numbers AY312143 and AF163669.2 respectively, and are shown in Table 1 . The expression level of NR mRNA was measured by qPCR using a SYBR Premix EX Taq TM (TaKaRa, China) according to manufacturer instructions. qPCR was carried out on a GeneAmp 5700 Sequence Detection System using the 5700 Sequence Detection System software (version 1.3, Applied Biosystems, USA), which was programmed for 40 cycles consisting of 95°C for 30 s; 50°C for 30 s; and 72°C for 30 s, and the fluorescence at the end of each cycle was monitored at 83°C for 5 s. The threshold cycle (C T ) value of the NR gene was normalized to the C T value of β-actin. Relative gene expression values of the wild-type and mutant D. salina cells were calculated using the comparative C T (2 −ΔΔCT ) method as previously described (Livak and Schmittgen 2001) . 
NR cDNA sequence analysis of mutants
Total RNA from wild-type and NR-deficient mutant D. salina cells was isolated and reversetranscribed into cDNA as described above. To amplify the three NR cDNA fragments via PCR, three overlapping pairs of primers (NR2, NR3 and NR4) were designed according to the GenBank D. salina NR sequence (Table 1) . PCR conditions were 95°C for 3 min, followed by 30 cycles of 94°C for 40 s; 59.5°C for 1 min; and 74°C for 2 min, and a final extension at 72°C for 10 min. The resulting PCR products were purified using the Agar Gel DNA Purification Kit Ver.2.0 (TaKaRa, China) and inserted into pMD19-T vectors (TaKaRa, China), which were then used to transform JM109 competent Escherichia coli cells. To determine if sequences were correctly inserted, the resultant recombinant plasmids were digested with two restriction enzymes (EcoR I and Hind III) and analyzed by electrophoresis on agarose gels. Recombinant plasmids identified to contain the correct inserts were then sequenced. DNA from separate PCR reactions was sequenced by four different companies in order to minimize potential errors. Nucleotide sequences and deduced amino acids were aligned using the NCBI-BLAST and Clustal W programs. A search for highly conserved domains was made through the NCBI-CDD program.
Functional complementation experiment
pMDDCA-NR, a recombinant plasmid containing the wild-type NR gene driven by the duplicated carbonic anhydrase (DCA) promoter from D. salina (Lu et al., 2011) was transfected into the mutant cells using electroporation. Specifically, the mutant D. salina cells were collected at the mid-exponential phase by centrifugation and thoroughly washed twice with the fresh nitrogen-free medium. The cells were resuspended at 1 x 10 7 cells/mL in electroporation buffer comprised of 1 M NaCl; 0.01 M KCl; 0.01 M CaCl 2 ; 0.04 M HEPES; 0.4 M mannitol; and 0.4 M sorbitol. Subsequently, 10 μL (1 μg) plasmid DNA was added to 0.4 mL cell suspension with gentle mixing. Prior to electroporation, the mixture was transferred to a small electroporation cuvette and chilled on ice for 5-10 min. Electroporation was performed by a Thermo CelljecT Pro Electroporation System with the following parameters: 10 μF; 400 Ω; and 1.5 kV. The electroporated cells were then transferred to 3 ml fresh nitrate-containing medium and incubated at 26°C for 12 h in the dark. After culture for one week, the cells were streaked on nitrate-containing agar plates, and incubated for another three weeks. The transformed colonies that formed on the plates were selected and transferred to liquid medium containing nitrate and propagated for another three weeks. NR activities of the transformants were analyzed and compared with those of the mutant and wild-type cells of D. salina.
PCR analysis of transformants
High-quality genomic DNA was extracted from the transformants using a modified sodium dodecyl sulfate (SDS) method as previously described (Jia et al., 2012) . PCR was used to detect the integration of the NR gene into the D. salina genome using the NR5 primer according to the DCA promoter (GenBank: AF541981) and the coding region of the NR cDNA (Table 1) . PCR amplifications were performed under the following conditions: 94°C for 3 min followed by 30 cycles of 94°C for 30 s; 58°C for 40 s; and 72°C for 1 min, and a final extension for 10 min at 72°C. The PCR products were verified by electrophoresis on 1.0% agarose gels. The fragments with the expected size were recovered from the gels using the TaKaRa Agarose Gel DNA Purification Kit Ver.2.0 (TaKaRa, China), and directly sequenced.
Statistical analysis
Statistical significance was determined with a one-way analysis of variance (ANOVA) using SPSS version 13.0 (SPSS, Chicago, USA). Summary statistics in this study were expressed as means ± standard deviations (M ± SD). A P value of less than 0.05 (for two-sided hypotheses) was considered statistically significant in all statistical analyses.
RESULTS
Isolation and identification of NR-deficient mutants of D. salina
After D. salina was subjected to mutagenesis with ENU followed by ten rounds of chlorateresistance screening, cells with chlorate-resistance were further screened using media containing three different nitrogen sources (nitrate, nitrite and urea). It was observed that putative mutant colonies grown on nitrite-or urea-containing plates were greenish in color similar to wild-type D. salina, while those on nitrate-containing plates appeared chlorotic. The green colonies selected from aforementioned screening plates were recovered individually in urea-containing medium. Finally, 42 candidate mutant colonies that were grown in nitrite-or urea-containing media were obtained and used for further characterization. As shown in Table 2 , the NR activities of 9 out of the 42 candidate mutants were significantly reduced, particularly in mutants J-1, J-2 and J-3, whose NR activities were zero. The NR activity was consistently undetectable for at least three years in the cell extracts of stable J-1, J-2, and J-3 mutants by continuous monthly subculturing in fresh nitrite-or urea-containing media. The relative expression of NR mRNA was examined using qPCR. The melting curve analysis showed a specific peak at the melting temperature without the peak of the primer-dimers. NR mRNA levels were significantly decreased by 69, 84, and 77% in the J-1, J-2, and J-3 mutants respectively compared to wild-type D. salina NR mRNA levels (Figure 1) . After incubation for ~10 days, the mutant cells grew vigorously and had a greenish color in nitrate-containing liquid media with different concentrations of NaClO 3 compared to wild type D. salina cells, which became yellowish and eventually died. Furthermore, the mutant cells grew in medium containing up to 1600 mM NaClO 3, in agreement with our previous results (Lu et al., 2011) . In the present study, growth experiments of wild type and mutant D. salina cells were performed on solid media with various nitrogen sources. We found that colonies of the mutant cells became greenish on nitrite-containing plates, but no colonies appeared on the nitrate-containing plates even after 2 months of incubation (Lu et al. 2011) . Additionally, wild-type cells grew better than mutant cells on solid plates containing nitrate or nitrite as the sole nitrogen source. 
Mutation analysis of NR-deficient mutants
In order to identify the DNA mutations present in the D. salina mutants, NR cDNA was synthesized and sequenced. Sequencing analysis revealed that the J-1, J-2, and J-3 mutants had 14, 19, and 17 point mutations in the NR gene respectively. As shown in Table 3 , of these point mutations, 11 were common in all three mutants (at nucleotide positions 425, 1056, 1847, 2119, 2290, 2358, 2569, 2593, 2595, 2611, and 2646) . Importantly, 3 point mutations at positions 2119, 2290, and 2569 resulted in changes in the amino acid sequence of a highly conserved region. Additionally, it was revealed that there was a G-to-A mutation at position 1235 of mutant J-2 and a G-to-T mutation at position 1639 of mutant J-3. There was also an insertion of G, C, and T in the coding strand of the NR gene at positions 2595, 2611, and 2646 respectively in all the three mutants.
Functional complementation experiment
Twenty candidate pMDDCA-NR transformed colonies were individually selected for rescue experiments. The transformation efficiency upon rescue of the mutant phenotype by the NR-containing plasmid was ~100 transformants/μg DNA on solid nitrite-containing medium. The NR activity assay revealed that only transformant T-1 derived from mutant J-1 had NR activity [0.1866 ± 0.0078 μM NO 2 ·(10 8 cells) -1 ·h -1 ] compared with that of wild-type cells [0.3880 ± 0.0151 μM NO 2 ·(10 8 cells) -1 ·h -1 ], which was recovered to 48.1% of wild-type cell activity ( Figure 2 ). As shown in Figure 3 , T-1 cells grew into the colonies with a greenish color on nitrate-containing plates, whereas mutant J-1 cells without the NR gene did not. Furthermore, the specific expected PCR product size containing the 3' end of the DCA promoter and the 5' end of the NR gene (~ 410 bp) was detected in T-1 but not in untransformed cells. Sequencing of the PCR products indicated that the amplified DNA fragment sequence was consistent with the sequences of the DCA promoter and NR gene. Nt, nucleotides; aa, amino acids; *, frame-shift mutation; -, null mutation; ▲, stop codon. 
DISCUSSION
It has been demonstrated that D. salina has a significant commercial value as a source of β-carotene and glycerol. Recently, the use of D. salina as new typical bioreactor is becoming more attractive in producing biologically active proteins (Chai et al., 2004) . Several different selectable markers have been used for the screening of Dunaliella transformants by our laboratory and others including the chloramphenicol acetyltransferase (CAT) gene under the control of the SV40 promoter (Geng et al., 2003) , the bar gene under the control of the duplicated carbonic anhydrase 1 (DCA1) promoter of D. salina (Lu et al., 2004a) , and the ble gene under the control of the Chlamydomonas RBCS2 promoter or the D. tertiolecta RBCS1 promoter (Sun et al., 2005; Walker et al., 2005a) . However, the use of antibiotic or herbicide selective agents could be harmful to the environment if used in transgenic Dunaliella production systems (Walker et al., 2005b) . Here, we characterized a novel nutrient-deficient transformation system in which nitrate is used as a selective agent, which offers several inherent advantages over antibiotics and herbicides including high biosafety, easy manipulation, and low cost.
In the present study, we optimized the chlorate-resistance selection conditions for screening NR-deficient mutants. We further demonstrated that mutagenesis induced by a low concentration of ENU (0.25 mM) over a short time period (10 days) resulted in relatively mild point mutations that had an impact on the function of the genes of interest but not on the survival of the cells. Microscopic observation revealed that there were no significant differences in cell morphology, activity, and growth rates between wild-type and NR-deficient mutant D. salina cells, indicating that there were no critical mutations affecting the growth of the NR-deficient mutants. Through ENU mutagenesis and subsequent screening for chlorate-resistance, 42 candidate mutant colonies were obtained, of which three mutants J-1, J-2, and J-3 had no NR activity suggesting full NR deficiency. Additionally, the results of the functional complementation experiment and NR activity assay showed that a 410 bp of specific fragment of the pMDDCA-NR plasmid was amplified in transformant T-1 originally derived from J-1, and its NR activity was recovered to 48.1% of wild-type D. salina, demonstrating that the wild-type NR gene could rescue the mutant phenotype. Based on the above findings, the isolated mutants may be useful for selection of stable D. salina transformants using nitrate as a desirable selective agent.
In photosynthetic eukaryotes, NR is an enzyme complex containing flavin adenine dinucleotide (FAD), b-type heme, and molybdopterin cofactor (MoCo) as prosthetic groups acting as redox centers for the transfer of electrons from NAD(P)H to nitrate (Campbell 1999) . Previous study have shown that NR from D. salina shares common structural features with NR from higher plants and other green algae including the Mo-MPT domain with the nitrate-reducing site between amino acids 82 and 311, the heme-Fe domain between amino acids 543 and 616, and the FAD domain between amino acids 661 and 757 (Xie et al., 2007) . Mutation analysis of the sequences herein suggests that three kinds of critical mutations led to a loss of all NR catalytic activity including property changes of some amino acid residues, stop codon introduction, and frameshift mutations. For example, 3 of the 11 NR mutations shared by the three mutants at positions 2119, 2290 and 2569 had amino acid changes in a highly conserved region including the cytochrome b5 domains of sulfite oxidase and microsomal cytochrome b5 (Cyt b557/heme) form. These mutations might affect the function of the Cyt b557/heme domain of NR resulting in the loss of NR activity involving this domain. We also deduced that the loss of NR activity in mutants J-2 and J-3 may have resulted from the G-to-A mutation at position 1235 of mutant J-2 and G-to-T mutation at position 1639 of mutant J-3, in which the codons for tryptophan or glutamic acid residues normally present were converted to stop codons leading to truncated proteins (deletion of 488 and 353 residues of NR in mutants J-2 and J-3 respectively). Additionally, the insertion mutations of G, C, and T (at positions 2595, 2611 and 2646) resulting in frameshifts in NR mRNA were found in all three mutants, and 19 amino acid residues were incorporated at the C-terminal region of the truncated NR protein due to these frameshift mutations. Therefore, we believe that the point and insertion mutations resulted in erroneous NR protein sequences, which failed to fold into functional domains. This is a likely reason for why the mutant cells were incapable of using nitrate as a source of nitrogen. However, further investigation should be performed to determine whether frameshift mutations are a critical factor to loss of NR activity.
In summary, three NR-deficient mutants were successfully isolated from D. salina, which may be used for the transgenic manipulation of D. salina, and may also be useful tools for the study of NR in nitrogen assimilation/metabolism in D. salina.
